For engineering surfaces of polymers, glasses, and ceramics where ultra-purity is paramount, plasma cleaning, plasma activation with nonpolymerizable gases, and plasma polymerized coating are all valuable processes. P lasma processing is an effective, environmentally safe technique for removal of organic contamination. Used most frequently as a final cleaning step, plasma offers manufacturers not only critical levels of cleanliness, but the ability to produce hydrophobic or hydrophilic surfaces on metals, plastics, glass, and polymers.
Ions, Electrons Get Charged Up
A plasma is a reactive gas consisting of ions, free electrons, free radicals, excited state species, and neutrals. A plasma can be generated at high pressure (1 atmosphere or higher) or low pressure (1 torr or less) by an electric discharge. A high-pressure plasma is created by a spark, arc, or corona discharge. The gas molecules in such a discharge are hot enough to melt or even burn metal, which is the principle behind arc welding and plasma cutting.
A tom-pressure plasma is generated by applying an electric field (DC or AC) to a volume under partial vacuum. The few random electrons present in the gas are accelerated by the field. Collisions of these electrons with other gas molecules result in a cascade of ionization reactions. Under these conditions, the gas temperature is barely above ambient: however, the chemical reactivity of the various activated and disassociated gas molecules allows a low-temperature plasma to be used to perform a wide range of useful chemical processes without solvents or heat and with a minimum of reagent.
Low-pressure plasma utilizes an electric field to create the same types of reactive intermediates that can be created thermally or chemically. However, there are critical differences that set these processes apart. These differences are responsible for the great flexibility of plasma processes for surface cleaning. The rate of reaction between a gas and a surface during processing (eg, cleaning, surface modification, or film deposition) depends in part on the rate of adsorption of the activated gas molecules. This adsorption rate is inversely proportional to the substrate temperature. At the temperatures required for thermally activated chemistry, adsorption can be very slow. In a plasma, however, the ion and molecular temperature of the gas is very low. Only the electron temperature is high. This low ion and molecular temperature allows for high adsorption rates and therefore high reaction rates.
The presence of low ion and high electron temperatures in plasma processes stems from the large mass difference between the two particles. The resting mass of the electron is about 10-g, while the 27 typical ion weighs about 10-23 g, or 10 4 times heavier. When a gas is ionized by application of an electric field, both the ions and electrons Extending the Dimensions of 'Clean' the same force (charge X will have the same charge They therefore experience field strength) and are accelerated. Collision between these particles transfers kinetic energy from one to the other. However, energy transfer in two body collisions favors the lighter particles and, in the case of a plasma, the lighter electrons soon have much greater velocity (ie. temperature) than the heavier ions.
When an oscillating (AC) field is employed to generate a plasma. the difference in electron and ion temperatures becomes even greater. Ions accelerate slowly in response to a changing electric field. while electrons respond essentially instantaneously because of their low mass. The magnitude of the energy difference is a function of the applied frequency. At microwave frequencies, the plasma may be pictured as an electron gas moving back and forth in a sea of relatively motionless ions. The electron temperature can be several orders of magnitude greater than the ion temperature. ' Many reactions can be accomplished in this energetic environment, and the low gas temperature means that the rate of adsorption onto the surface and subsequent reactions can be very high. The high reaction rates and low temperatures in plasma processing make this a very attractive tool for cleaning such materials as polymers, glasses, and ceramics, which may be thermally sensitive.
Ultra-Pure Cleaning Applications
Because the zone of attraction of a plasma with a surface is restricted to the top few molecular layers, plasma processing is primarily a technique for ultracleaning and modification of the surface chemistry of materials. This can be accomplished either through functionalization or passivation of an existing surface or through creation of a new surface by plasma polymerization of a thin film. Since primarily organic materials are removed during typical plasma processes, a precleaning step to remove heavy inorganic soils (as well as some substantial organic soils) may be required in some instances. The plasma process is then utilized for an ultra-pure cleaning step. As a cleaning process, plasma cleaning is most effectively used for complete removal of thin organic soils.
When compared with other surface modification techniques, plasma processing has several attractive features. It is an inherently dry process, the reactants are generally inexpensive gases (eg, oxygen, carbon dioxide, or hydrogen), and the efficiency is such that only very small amounts of these gases are needed. A continuous flow of fresh process gas into the chamber ensures a high degree of cleanliness. The only waste stream is the vacuum pump exhaust, which consists essentially of such gases as H z 0 and C0 2 . as well as a small amount of pump oil vapor. With a well-designed reactor, hundreds of parts can be racked, loaded, and treated in an automated cycle lasting only a few minutes. The inherent cleanliness and automatability (see Figure 1 ) of plasma processing makes it extremely attractive for clean roomtype manufacturing environments, while the robustness and simplicity of the equipment make it equally well suited for factory environments.
Plasma is especially well suited for applications in the materials. medical. and medical equipment industries. namely: critical cleaning, surface activation. and surface passivation of polymers, glasses, ceramics, and metals. Some of these applications may be readily addressed using simple plasma treatments with nonpolymerizable gases (eg, oxygen or argon). Other applications respond to cleaning followed by the deposition of a functional coating through plasma polymerization of a reactive gas, such as various low molecular weight hydrocarbon, fluorocarbon. or siliconbased monomers. 2 Films with a range of properties can be deposited from a single monomer simply by adjusting the deposition parameters. For example, silica-like films with high-energy. hydrophilic surfaces or siloxane-like films with low-energy, hydrophobic surfaces can be made with simple adjustments to gas flow rates using the same gases.
In addition to phenomenological surface probes like H 0 contact angle 2 measurements, the experimental work described below used quantitative surface analysis of the materials in question to measure the effects of surface cleaning and modification. Techniques employed for this analysis included x-ray photoelectron spectroscopy (XPS or ESCA) and reflection infrared techniques, such as attenuated total reflectance (ATR-IR). The information provided by these tools allowed rapid process development and a clear understanding of the structure of the resulting surfaces.
Experimentation
The following are a few examples of successful plasma-based surface treatment processes, including cleanDecember 1998 Figure 2 . A microwave gas plasma system. ing and surface passivation. These examples serve to show some of the range of potential applications for plasma processing, especially in the area of ultra-pure cleaning.
Plasma treatment and plasma polymerization. Plasma treatments were performed in a 55-liter plasma reactor equipped with dual-mode microwave and kilohertz sources (see Figure 2) . A 600-W, 2.45-GHz microwave source located above the chamber fed through a quartz window comprising the entire top wall of the chamber: a 1000-W kilohertz source was coupled to the sample stage.
Carrier gases, such a's argon and oxygen, were admitted through distribution tubes located at the top of the chamber near the microwave window, while polymerizable process gases. such as organosilicon-based monomers, were admitted through a gas distribution ring. The total cycle times required for treatment ranged from 5 to 30 minutes, including pump down, treatment, and ventilation.
Surface analysis techniques. Infrared spectra were obtained using a Fourier-Transform infrared spectrometer equipped with an infrared microscope. This was an ideal tool for industrial process development, as rapid acquisition of infrared spectra from small areas on polymeric surfaces or reflective metal surfaces of actual samples were easily obtained. Advancing contact angle measurements were obtained using a contact angle goniometer with distilled H 0 as the probe liquid. visible debris (eg. dust), but also free from molecular-level contamination, such as hydrocarbons.
An interesting recent application requiring a surface free of hydrocarbon contamination involved a cast ceramic part to be adhesively bonded to another assembly. Adhesion was poor. and solvent cleaning of the surface was insufficient to improve the adhesion to an acceptable level. Harsher solvents and acidic or caustic cleaners were environmentally undesirable alternatives and required an additional drying step in the production process.
Ceramics are nonmetallic, inorganic materials that frequently contain metal ions. Examples include carbides, nitrides. oxides, silicates, and aluminates. As with all surfaces exposed to ambient air. the surface of a ceramic is covered with organic contaminants consisting primarily of adventitious hydrocarbons. These can interfere with adhesive bonding by preventing intimate contact between the adhesive and the base material.
Case Studies
Cleaning for critical applications. In many applications in the medical and optical industries, it is necessary to ensure that products or instruments are extremely clean. For a surface to be clean. It must be not only free of 14 PC December 1998 ness) decreased only a small amount with plasma cleaning. Closer inspection of the XPS spectra showed that the carbon signal consisted of contributions from organic carbon (binding energy at 284.6 eV) and inorganic carbides (283.9 eV). The inorganic carbon was a component of the base ceramic. Although the total amount of carbon remained unchanged with plasma cleaning, Table I shows that plasma cleaning decreased the amount of organic carbon to only 6 percent of the total surface atomic composition. The remaining carbon was the inorganic carbon of the base ceramic, which was exposed by removal of the contaminant layer. Plasma cleaning produced a surface that was much cleaner than that which could be obtained using a solvent cleaning process. Furthermore, the surface proved capable of extremely strong and durable adhesive bonds.
Cleaning and passivation of glass surfaces. Glass is primarily composed of silicon dioxide. However, most commercial glasses will contain small amounts of carbon, fluorine, calcium. sodium, or numerous other elements known as network modifiers. The surface of a glass always has a layer of organic contamination found on any surface that has been exposed to the atmosphere for even a short period of time. Atomically clean glass surfaces can be readily obtained by short exposure to an oxidizing plasma. Surfaces cleaned in this manner are extremely hydrophilic. However, for certain critical applications, the simple absence of hydrocarbon contamination may not be sufficient. The network modifiers present in most glasses (ie, Ca, Na. etc) result in a surface that is alkaline, and such a surface can catalyze such reactions as polymerization. A "clean" surface with these network modifiers exposed can actually be more catalytically active than the corresponding uncleaned surface. Passivation of this active, atomically clean surface is necessary in some instances for optimum performance of glassware for manufacturing or packaging applications.
Glass surfaces can be atomically cleaned and then passivated by a plasma process that involves complete removal of adventitious hydrocarbons followed by chemical coupling of a tightly adherent, molecularly thin layer of pure Si0 by 2 plasma polymerization. This insoluble coating "buries" the active elements so that they cannot participate in fur- Table II shows the results of XPS analysis of a glass sample before and after passivation. After passivation with a plasma polymerized coating, the concentration of sodium decreased to an undetectable level. These surfaces have proven to be excellent packaging for sensitive solutions, providing essentially unlimited shelf life for solutions that are unstable when in contact with uncoated glass.
Plasma Proves Promising
Plasma cleaning, plasma activation with nonpolymerizable gases. and plasma polymerized coatings are all minimum overhead. The previous discussions demonstrate how sophisticated surface analysis techniques coupled with superior process equipment allows rapid development of new plasmabased processes for a wide range of cleaning applications.
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